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i 
摘  要 
海水中 210Po 和 210Pb 的地球化学行为是正在实施的 GEOTRACES 计划的重
要研究内容，旨在推进 210Po-210Pb 不平衡在海洋学上的应用。近年来，210Po-210Pb
不平衡逐步被应用于示踪真光层生源颗粒物的输出，但是对中深层水体中颗粒物
再循环及沉降过程的研究还鲜少涉及。同为颗粒活性天然放射性同位素，
7Be/210Pb 已被用于示踪河流或湖泊系统中沉积物再悬浮比率的研究；234Th-238U
不平衡也逐步被用于研究海底雾状层的颗粒动力学过程，但是 210Po-210Pb不平衡
在这方面的应用还未见报道。为了探究 210Po-210Pb在中深层海水颗粒动力学及沉
积物再悬浮研究中的应用，论文选择南海作为目标研究海域。南海是位于太平洋
最大的半封闭性边缘海，海域面积达 3.5×106 km2，具有完整的大陆架、大陆坡
和深海盆地等地形形态，广袤的海域、复杂的地理环境意味着南海不同区域的颗
粒动力学过程可能存在明显的差异。因此，南海可能是探索 210Po-210Pb不平衡应
用的良好实验场所。 
本论文应用 210Po-210Pb 不平衡对南海海域的颗粒动力学过程进行了针对性
研究，对比了南海北部陆架区和陆坡区颗粒动力学过程的差异，探究了沉积物再
悬浮的通量及其对陆架颗粒有机物输出通量的影响，初步应用 210Po-210Pb不平衡
定量研究了南海西部中层水体颗粒动力学的关键速率、通量及时间特征，探讨了
中层海水颗粒物的来源。获得以下主要结果： 
（1）210Po-210Pb 不平衡揭示的南海西部中层水体颗粒动力学特征 
研究了南海西部 1500 m 以浅水体中 210Po和 210Pb的地球化学行为。50 m 以
浅水体，210Po 相对于 210Pb 表现为典型的亏损特征，揭示了真光层 210Po 的快速
迁出；真光层底部 100-200 m，210Po与 210Pb 达到平衡。300-700 m 中层水体中普
遍存在 210Po亏损现象，210Po/210Pb活度比可低至 0.4，揭示了中层水体较强的 210Po
清除和迁出作用。中层水总悬浮颗粒物（TSM）浓度与真光层相当，推测该水层
颗粒物输出作用较强。同时，中层水体 210Po的输出通量介于 67.8-120.8 dpm m-2 
d-1之间（平均为 95.9±26.7 dpm m-2 d-1），明显高于真光层相应值（1.4-17.5 dpm 
m-2 d-1，平均 15.33.4 dpm m-2 d-1）。中层水体 210Po停留时间亦小于真光层，也
反映了中层水体较活跃的颗粒动力学过程。另外，中层水体 TSM 的输出通量介
于 3.61-10.20 g m-2 d-1之间，明显高于真光层输出通量（0.68-1.14 g m-2 d-1），说
厦
门
大
学
博
硕
士
论
文
摘
要
库
摘要 
ii 
明在南海西部海域的中层水体中存在颗粒物的水平输送。上述研究结果揭示了
210Po-210Pb不平衡可用于研究南海中层水体颗粒动力学过程。 
（2）南海北部陆架和陆坡区颗粒动力学特征差异 
基于南海北部陆架和陆坡区两个断面 210Po-210Pb 不平衡以及颗粒物等分布
特征的研究，发现陆架底层水中 TSM 含量升高而陆坡区相同深度变化较小，揭
示了陆架区存在沉积物再悬浮过程。同时，陆架区底层水较次表层水更低的
POC/TSM 值和较高的 210Po/210Pb 比值也为沉积物再悬浮提供了支持。由于陆架
区颗粒物沉降通量较高，210Po/210Pb比值一般比相同水深的陆坡区更低，但该海
域陆架底层水中该比值却高于陆坡区相同水深的相应值，暗示了陆架区再悬浮过
程的影响。基于传统的 210Po-210Pb 质量平衡模型计算出陆架和陆坡区 POC 的平
均输出通量分别为 3.56±0.54和 3.10±0.39 mmol m-2 d-1。部分陆坡区站位 100 m
层 210Po/210Pb比值大于 1，以及 100 m 层的 POC 和 PN输出通量低于 50 m 层，
说明春季南海北部陆坡区温跃层的颗粒有机物存在一定程度再矿化的现象，POC
和 PN的再矿化通量分别为 0.97-1.19 mmol m-2 d-1和 0.10-0.38 mmol m-2 d-1，有机
物的再矿化比率约为 24%。 
（3）210Po-210Pb 不平衡对南海北部陆架沉积物再悬浮过程的示踪 
本文将受沉积物再悬浮影响的底层水体作为正常海水和再悬浮沉积物混合
的产物，结合 210Po/210Pb比值建立了两端元混合模型，并计算了该海域沉积物再
悬浮的通量。获得 TSM 的再悬浮通量范围为 28-494 mg m-2 d-1（平均为 264±124 
mg m-2 d-1），再悬浮所占的比率为 25.3±11.7%；210Po 的再悬浮通量范围为
0.20-3.56 dpm m-2 d-1，平均通量为 1.82±0.87 dpm m-2 d-1，再悬浮所占比率为
9.8±4.9%；POC 和 PN的再悬浮通量分别为 0.013-0.173 mmolC m-2 d-1（平均为
0.092±0.043 mmolC m-2 d-1）和 0.002-0.020 mmolN m-2 d-1（平均为 0.011±0.005 
mmolN m-2 d-1），两者的再悬浮比率非常低，只有 3-4%；PBC 在陆架区的再悬浮
通量平均为 0.026±0.012 mmolC m-2 d-1，比率为 7.1±3.9%，该比率高于 POC 的再
悬浮比率。该研究为未来应用 210Po-210Pb不平衡示踪沉积物再悬浮提供了新的方
法。 
 
关键词：南海；210Po；210Pb；中深层水体；水平输送；沉积物再悬浮 
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Abstract 
Biogeochemical cycling of 210Po and 210Pb in seawater is one of the important 
contents given the ongoing GEOTRACES Program in order to extend their 
applications in oceanic environments. Recently, the disequilibria between 210Po and 
210Pb has been used to trace the export of biogenic particles out of the euphotic zone, 
while only a few studies on particle recycling and sinking in mesopelagic water have 
been reported. Similar to 210Po and 210Pb, 7Be and 234Th are both radioactive isotopes 
with strong particle-reactivity. 7Be/210Pb ratio has been used to estimate sediment 
resuspension, and 234Th-238U has also been applied to constrain particle dynamics in 
bottom nepheloid layer. However, there is still not report on the application of 
210Po-210Pb disequilibrium in tracing particle dynamics in mesopelagic and bottom 
water. In order to explore the applications of 210Po-210Pb in these oceanic settings, the 
South China Sea (SCS) was chosen as the target area to study the geochemical cycling 
of 210Po and 210Pb in mesopelagic and bottom water. The SCS is the largest 
semi-closed marginal sea in the tropical West Pacific Ocean. In this study, the 
differences in particle dynamics between the continental shelf and slope of the 
northern SCS were observed based on the 210Po-210Pb disequilibria. The sediment 
resuspension and its influence on particulate organic carbon export, for the first time, 
were quantified using the 210Po-210Pb pair. In addition, the scavenging and removal 
rates, export fluxes and residence times of 210Po were evaluated in terms of the 
mesopelagic layer in the western SCS as well as the particle sinking. The primary 
results indicated that the 210Po-210Pb pair could be effective to constrain particle 
dynamics in aphotic zone. 
(1) Particle dynamics in mesopelagic water of the western SCS as revealed 
by 210Po-210Pb disequilibria 
The geochemical characteristics of 210Po and 210Pb in the upper 1500 m were 
examined in the western SCS. In the upper 50 m, 210Po is deficit with respect to 210Pb, 
revealing a rapid removal of 210Po. At the bottom of euphotic layer (100-200 m), 210Po 
reached an equilibrium status with 210Pb. In the mesopelagic layer (300-700 m), the 
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deficiency of 210Po was observed, and the ratios of 210Po/210Pb were even as low as 0.4, 
revealing the strong scavenging and removal of 210Po. Meanwhile, the concentrations 
of total particulate matter (TSM) in mesopelagic water were comparable to the 
euphotic layer, also indicating the strong sinking of particulate matter from the 
mesopelagic layer. Based on the deficiency of 210Po, we figured out that the export 
fluxes of 210Po in mesopelagic water ranged from 67.8 to 120.8 dpm m-2 d-1, higher 
than the euphotic layer (1.4-17.5 dpm m-2 d-1). The residence times of 210Po in 
mesopelagic water are shorter than the euphotic layer, reflecting rapid particle cycling 
in the mesopelagic layer. The export fluxes of TSM out of the mesopelagic layer 
ranged from 3.61 to 10.20 g m-2 d-1, which were higher than the euphotic layer 
(0.68-1.14 g m-2 d-1), indicating the lateral transport of particulate matter in 
mesopelagic water of the western SCS. These results revealed that the 210Po-210Pb 
disequilibrium can be used to study the particle dynamics in mesopelagic water of the 
SCS. 
(2) Characteristics of particle dynamics on the continental shelf and slope of 
the northern South China Sea 
210Po and 210Pb were examined in the water columns on the shelf and slope of the 
north SCS. Elevated concentrations of TSM in bottom water indicated resuspension of 
sediments on the continental shelf. Meanwhile, the lower POC/TSM ratios and higher 
210Po/210Pb ratios in bottom water than those observed at similar depths on the slope, 
further supporting the sediment resuspension. Based on the traditional model of 
210Po-210Pb disequilibrium, the average POC export fluxes on the shelf and slope were 
3.56±0.54 and 3.10±0.39 mmol m-2 d-1 respectively. While on the continental slope of 
the north SCS, the 210Po/210Pb ratios were higher than 1, and POC or PN export fluxes 
at 100 m were lower than 50 m at some stations, indicating that remineralization 
occurs in the thermocline on the continental slope of the north SCS in spring. The 
remineralization fluxes of POC and PN ranged from 0.97 to 1.19 mmol m-2 d-1 and 
from 0.10 to 0.38 mmol m-2 d-1. On average, POC and PN remineralized for about 24% 
in the thermocline. 
(3) Sediment resuspension constrained by 210Po-210Pb disequilibrium on the 
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continental shelf of north SCS 
The bottom water on the continental shelf of north SCS affected by sediment 
resuspension, was considered as a mixture of general seawater and resuspended 
surface sediment. Combining the 210Po/210Pb ratio, a resuspension model was 
proposed to quantify the flux of sediment resuspension. The resuspension flux of 
TSM ranged from 28 to 494 mg m-2 d-1 (averaging 264±124 mg m-2 d-1). 
Resuspension made up about 30% of the TSM sinking flux. The resuspension flux of 
210Po ranged from 0.20-3.56 dpm m-2 d-1 (averaging 1.82±0.87 dpm m-2 d-1), which 
made up 9.8±4.9% of the sinking flux. The resuspension fluxes of POC, PN and PBC 
ranged from 0.013 to 0.173 mmolC m-2 d-1 (averaging 0.092±0.043 mmolC m-2 d-1), 
from 0.003 to 0.020 mmolN m-2 d-1 (averaging0.011±0.005 mmolN m-2 d-1) and from 
0.004 to 0.052 mmolC m-2 d-1 (averaging 0.026±0.012 mmolC m-2 d-1), respectively, 
and accounting for about 3-4% (POC and PN) and 7.1±3.9% (PBC) of their sinking 
fluxes, respectively. These results indicated that the disequilibria between 210Po and 
210Pb could be used to quantify the resuspension dynamics in bottom water. 
 
Key words: South China Sea; 210Po; 210Pb; mesopelagic water; lateral transport; 
sediment resuspension 
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第一章  绪 论 
1.1 210Po和 210Pb的地球化学行为 
210Po（T1/2=138.4 d）和 210Pb（T1/2=22.3 yr）均为天然放射性核素，且两种
核素都属于 238U衰变系，强颗粒活性是其基本地球化学特点。210Pb由其母体 226Ra
（T1/2=1622 yr）经一系列短寿命子体级联衰变后产生，210Po由 210Pb 经 210Bi 衰
变产生（图 1-1）。无论是 210Po 还是 210Pb，其半衰期均远小于其母体的半衰期，
所以，经过足够长的时间，两种核素都能与其母体达到放射性久期平衡。 
 
图 1-1 238U的衰变链（改自 Moore等, 1973） 
Figure 1-1 238U and its decay scheme (Modified from Moore et al, 1973) 
海水中 210Pb 的来源有大气沉降输入以及水体中 226Ra 的放射性衰变产生，
其中表层水中 210Pb 的主要来源是大气沉降，大气中的 210Pb主要由 222Rn衰变产
生。222Rn 在常温状态下为气体，陆地土壤和海洋表层水体中 226Ra 衰变产生的
222Rn 气体逸出后，进入大气，随气流运移的同时不断发生衰变，产生 210Pb
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（Nazaroff, 1992）。210Pb具有较强的颗粒活性，比较容易吸附在气溶胶上，最后
随着干、湿沉降进入陆地和海洋（图 1-2）。大气中 210Pb被清除的方式主要是湿
沉降，干沉降的贡献较小，所以表层海水中 210Pb 的比活度受降雨影响，往往具
有一定的季节性变化（易勇, 2005; Wang等, 2014; Zhang等, 2016）。由于海洋向
大气输入的 222Rn通量远低于陆地土壤释放的 222Rn通量（Baskaran和Shaw, 2001），
所以，210Pb的大气沉降通量还会受全球海陆分布格局（Su等, 2003; McNeary和
Baskaran, 2007）影响；另外，在不同的地区，222Rn的释放还受到地理和气候条
件的调控（Turekian等, 1983; Baskaran等, 1993; Yan等, 2012; Carvalho等, 2013）。
所以，210Pb 的大气沉降通量通常具有一定的纬度效应和局地效应。而在中深层
水体中 210Pb受大气沉降影响较小，主要来源是其母体 226Ra的衰变。 
海水中 210Po 的主要来源是海水中 210Pb 的放射性衰变，大气沉降的输入量
很小。因为 210Pb在大气中的停留时间很短，一般只有几天到几周，210Pb被快速
迁出大气，导致 210Pb 衰变产生的 210Po 量很少。事实上，210Po 的大气沉降通量
一般只有 210Pb的 10%左右（Poet 等, 1972; Verdeny等, 2009），所以 210Po大气沉
降的贡献量在很多研究中被忽略不计（Bacon 等, 1976; Nozaki 等, 1997）。 
由于 210Pb 的大气输入，在开阔大洋表层海水中，通常表现为 210Pb 相对于
226Ra过剩，而 210Po 相对于 210Pb亏损。随着水深的增加，大气沉降对 210Pb的影
响越来越小，210Pb相对于 226Ra的过剩程度也越来越小，到达一定深度后，210Pb
与 226Ra 达到平衡。在此深度之下，210Pb 较短的停留时间导致其相对于 226Ra 出
现亏损的现象。210Po和 210Pb之间的平衡主要取决于水体中颗粒物的化学组成和
生物地球化学过程。210Po和 210Pb都具有较强的颗粒活性，但是两者被颗粒物吸
附的过程却有一定的差异：210Po 属于硫族元素，在水体中的行为更类似于营养
元素（Fisher 等, 1983），可能倾向于被生物吸收，而 210Pb 则更倾向于吸附在颗
粒物上（Fisher等, 1987; Nozaki 等, 1997, 1998），由此导致两种核素在清除、迁
出过程中会发生不同程度的分馏。一般地，210Po相对于 210Pb的亏损可以用来示
踪生源颗粒物的输出过程（Shimmield 等, 1995; Friedrich 和 Rutgers van der Loeff, 
2002; Yang等, 2009; Wei 等, 2011），210Po相对于 210Pb的过剩则可用来示踪颗粒
有机物的再矿化过程（Kadko, 1993; Yang等, 2009）。 
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